Summary
The severity of nephrocalcinosis in female Colworth Wistar rats fed on a standard purified diet was reduced by increasing the magnesium content of the diet; both its incidence and severity could be increased in males of the same strain by lowering the dietary magnesium level.
Nephrocalcinosis, the deposition of calcium salts in the tubules of the kidney, commonly occurs in female rats of the Colworth Wistar colony when fed standard purified diets. Its occurrence complicates the critical histopathological examination of kidney tissue. The condition appears to develop in the first few weeks of life and is much less of a problem when the rats are fed on a commercial pelleted diet.
In the Colworth Wistar rat the prime concern is with the deposition of calcium phosphate salts within the lumen of renal tubules, mainly in the cortico-medullary region of the kidney but extending towards the cortical surface or into the medulla in more severe cases.
Histologically, mineral deposition is manifested as deeply staining basophilic masses within the lumen of tubules of the inner cortex and outer medulla. Deposits enlarged by peripheral deposition result in concentrically laminated structures.
Tissue response to the presence of these mineral deposits is sometimes completely absent or may be confined to mild, localised, interstitial, lymphocytic infiltration. Larger masses cause local distension of the tubule and atrophy of the in-contact epithelium. In some instances there is severe disruption of the tubule and the induction of a granulomatous response with giant cell formation and fibrosis. As a consequence of tubule obstruction, there may be atrophy of tubule segments distal to the deposit associated with interstitial fibrosis and lymphocytic infiltration, while the proximal tubule and sometimes Bowman's capsule may become distended as a result of the obstruction to the free flow of glomerular filtrate.
Many dietary factors have been reported to influence the lesion but mineral balance seems logically the most important (Woodard, 1970) . Forbes (1971) noted that nephrocalcinosis was the most obvious sign of more general soft tissue calcification occurring in magnesium deficient rats. The interrelationship of calcium and phosphorus metabolism and the fact that the renal deposits are predominantly formed from these elements (Goulding & Malthus, 1969) has led to investigations concerning the balance of these minerals and of magnesium.
Bunce, Sauberlich, Reeves & Oba (1965) studied calcium, phosphorus and magnesium balance by varying the levels of dietary magnesium and phosphorus and they observed that calcium accumulation in the kidneys was aggravated by either increased phosphorus or decreased magnesium, and concluded that a critical intake of magnesium, dependent on the phosphate load, is necessary to prevent urolithiasis. Du Bruyn (1972) similarly concluded that kidney calcification was induced by feeding phosphorus at dietary levels exceeding certain critical levels, which depended on the dietary magnesium content. Alcock & MacIntyre (1960) and MacIntyre, Boss & Troughton (1963) found that the renal conserving effect of parathyroid hormone results in similar retention of calcium and magnesium. Parathyroid activity was directly affected by the magnesium concentration in the blood but was also dependent on the dietary levels of calcium and phosphorus (Clark, 1969) . In vitro, the presence of magnesium increased the solubility of calcium oxalate and phosphate, and the addition of magnesium to calcifying urine rendered it non-calcifying (Goulding & Malthus, 1969) . O'Dell (1960) reviewed the interrelationship of magnesium with other dietary constituents, confirming early reports (Tufts & Greenberg, 1937; Colby & Frye, 195 I; Hegstead, Vitale & McGrath, 1956 ) that a high level of calcium accentuates the severity of magnesium deficiency. The requirement for magnesium therefore needs to be considered carefully in relation to levels of calcium and phosphorus.
We have regularly observed an increase in plasma magnesium concentration when feeding test materials containing magnesium. Such an elevation of plasma magnesium might suggest that the basal
Materials and Methods
Rats 10 litters of 6 male and 10 litters of 6 female Colworth Wistar rats between 20 and 29 days of age were selected for even weight distribution within the litters. Individual rats within each litter were randomly assigned to the treatments, one mem-level in the diet was inadequate, but 0'U46% (Jones & Foster, 1942) should be adequate according to the NRC (1978) standard of 0,04%.
To investigate the possibility that a magnesium deficiency in purified diet is a factor in development of nephrocalcinosis, an experiment was devised in which female rats were fed diets containing elevated levels of magnesium with the object of alleviating nephrocalcinosis, and male rats were fed reduced levels of magnesium with the object of inducing it.
The form in which magnesium is added could be important (Goulding & Malthus, 1969) . In our study, the magnesium was added in the form of hydrated magnesium sulphate, because this was the form used in the original salt mixture (Jones & Foster, 1942) .
Results
Typical symptoms of magnesium deficiency were observed after about one week in group AO rats; the animals felt warm when handled and their ears were red in colour. There were no deaths.
Growth was not affected by diet except for some reduction in the group receiving no added magnesium (group AD). Food intake of this group was also reduced, whereas water intake increased ( Table 1) .
Analysis of urine showed an increase of magnesium concentration proportional to dietary level and a parallel increase in calcium concentration which maintained an approximately constant calcium/magnesium ratio (Table 2) .
Plasma analysis revealed an increase in magnesium concentration with increasing dietary level, especially with the lower levels fed to males. The plasma level of calcium in group AD rats was slightly elevated (Table 3) .
Relative kidney weights of group AO rats were increased and there was a slight increase in those of group G30, given the lowest level of magnesium fed to females. Chemical analysis of kidneys revealed a high calcium and low magnesium content in group AO males and a high calcium level in group G30 females. At a dietary level of 50 mg/ I 00 g the ber of each litter to each treatmen t, the litters forming the blocks in the statistical analysis of results.
Weekly records of body weight, food and water intakes were made for 4 weeks, then the animals were anaesthetised with halothane to 0 btain a blood sample by cardiac puncture and then killed before recovery from the anaesthetic by asphyxiation with carbon dioxide. The animals were inspected visually for abnormalities and the kidneys of all the rats and the left femur from 5 animals per group were weighed. The kidneys from one half of the rats were reserved for chemical analysis and one kidney from each of the other 5 animals of each group was fixed by immersion in 10% formol saline and subsequently processed by conventional histological methods and em bedded in paraffin wax for histological examination. Sections 4 J.I. in thickness were stained with haematoxylin and eosin and the degree of cortico-medullary nephrocalcinosis was assessed by means of arbitrary numerical grades using a range of 0 to 5. Mean values were then calculated from each group. Plasma from the blood samples was analysed for calcium, phosphate, and magnesium and samples of urine, obtained from all rats that could be persuaded to urinate into a test-tube on day 26, were also analysed for calcium, phosphate and magnesium, and calcium/magnesium ratios were calculated. The individual diets were prepared by adding calculated amounts of MgS04 '7H2 0 of analytical reagent grade in place of an equal weight of cellulose. The dietary treatments were as follows: Males  Table 4 . Meanrelativekidney weightsand chemicalanalysis for rats fed diets varying in magnesium content (%) females' kidneys had twice as much calcium as those of males (Table 4) .
The relative femur weights of rats of group AO were increased. Analysis of femurs showed that the magnesium content paralleled the plasma level
Discussion
Nephrocalcinosis was induced in male Col worth Wistar rats by reducing the level of dietary magnesium, and its severity reduced in females by increasing dietary magnesium, suggestive evidence that dietary magnesium is a factor in the formation of renal calcium deposits, Whether nephrocalcinosis is the result of an absolute deficiency of in reflecting dietary concentration of this element (Table 5) , Post-mortem examination revealed a minimal degree of granularity of the surface of the renal cortex in 3 of 10 rats of group AO, and a moderate enlargement and slight darkening in colour of spleens of animals of this group, Omission of magnesium from the diet of male rats was associated with 100% incidence of nephrocalcinosis (group AD), With a dietary level of 100 mg/kg (group BID) small deposits were present in 3 of 5 animals, In female rats, in common with previous experience, there was considerable variation within groups, but overall there was a marked . reduction in severity of nephrocalcinosis as dietary magnesium level increased. There was, however, no reduction in incidence, small deposits being present in 4 of 5 females fed the highest dietary level of magnesium (group L130) ( Table 6) . 3'83 (4) 6'12 (5) 3-621 (2) 1'06 K (110) 4'32 (5) 5'41 (5) 3'298 (4) 1'31 L (130) 4'42 (4) 5'19 (5) 3'947 (3) 1'12 '"Seetext for scoringsystem magnesium or a relative deficiency with respect to other minerals, particularly calcium and phosphorus, is not clear. Bunce et aZ. (1965) suggested that nephrocalcinosis is the primary lesion in magnesium deficiency. If this is the case there seems to be a marked difference between the sexes in requirement for this mineral. This was implied by Woodard (1970) , but to our knowledge has not been otherwise reported, Strain differences in susceptibility to nephrocalcinosis also occur, which may indicate that magnesium requirements differ.
If predicting the requirement for magnesium on the basis of plasma or bone concentrations, the results of this experiment would support the recommendations of the NRC (1978) . Considering plasma levels, for each increase in dietary magnesium between zero and 400 mg/kg there is a correspondingly large increase in plasma level, but increases in dietary levels above c. 400 mg/kg result in a much smaller rise in plasma concentration, indicating that requirements are met by this amount.
About 55% of the magnesium content of the rat body is present in the bone and this appears to be readily mobile when there is a dietary deficiency. On the basis -that dietary requirement is the minimum amount that will maintain maximum bone concentration, the results of this experiment indicate that this is achieved by a dietary level of about 400 mg/kg.
It is interesting to note that as dietary magnesium increases beyond about 400 mg/kg, there is a levelling of the plasma concentration, but there is no corresponding change in the rate of increase in urine magnesium concentration. Also, there is a remarkable effect of dietary magnesium concentration on urine calcium level, the urine Ca/Mg ratio remaining more or less constant over the whole range of dietary magnesium levels of zero up to 1300 mg/kg, even though dietary calcium level remains constant and urine concentration of both minerals increases ten-fold over this dietary range. This suggests that there is a dependence on magnesium for calcium excretion via the urine, which could favour calcium deposition when magnesium concentration was low.
For the maintenance of maximum blood and bone levels the evidence from this experiment supports the generally recommended minimum requirement of 400-500 mg magnesium/kg of diet, but this level did not prevent nephrocalcinosis when the diet also contained 6'1 g calcium and 5'6 g phosphorus/kg, which included 1'2 g phosphorus from the casein. The findings support the observations of Du Bruyn (1972) and indicate that for protection against nephrocalcinosis a minimum dietary level of 1500 mg magnesium/kg diet is needed. This level approximates to that present in stock diets, which average about 2000 mg/kg of diet derived mainly from the cereals which comprise about 70% of such diets. Because of the influence of calcium and phosphorus, clearly shown by Du Bruyn and others, it would seem desirable to avoid concentrations of these elements greater than those recommended by the NRC, proportionally to reduce the amounts contributed by salt mixes if there are contributions of these minerals from other sources, eg casein, and to increase the dietary magnesium level to that found in stock diets, ie 2000 mg/kg of diet. This level is within the low to medium range of 400-3600 mg/kg (0'04-0'36%)
found to be not harmful by Magnusson & Ramsay (I975) and well below the high levels of 8000-9000 mg/kg (0'8-0'9%), against which Clarke et a/. (I 977) warn.
